Because solar and wind resources are available throughout Europe, a transition to an electricity system based on renewables could simultaneously be a transition to an autarkic one. We investigate to which extent electricity autarky on different levels is possible in Europe, from the continental, to the national, regional, and municipal levels, assuming that electricity autarky is only possible when the technical potential of renewable electricity exceeds local demand. We determine the technical potential of roof-mounted and open field photovoltaics, as well as on-and offshore wind turbines through an analysis of surface eligibility, considering land cover, settlements, elevation, and protected areas as determinants of eligibility for renewable electricity generation. In line with previous analyses we find that the technical-social potential of renewable electricity is greater than demand on the European and national levels. For subnational autarky, the situation is different: here, demand exceeds potential in several regions, an effect that is stronger the higher population density is. To reach electricity autarky below the national level, regions would need to use very large fractions or all of their non-built-up land for renewable electricity generation. Subnational autarky requires electricity generation to be in close proximity to demand and thus increases the pressure on non-built-up land especially in densely populated dense regions where pressure is already high. Our findings show that electricity autarky below the national level is often not possible in densely populated areas in Europe.
Introduction
Renewable electricity, nuclear power, and carbon capture and storage are the main supply-side options to decarbonise the electricity system in Europe. Among these three, renewable electricity is the only option to not deplete the energy resource it depends on, but its resource has another unique characteristic: it is available everywhere, in different intensities. This makes it possible to generate electricity from local resources and decrease imports -and it could allow regions to become electricity autarkic, i.e. eliminating imports altogether. This would be in stark contrast to today's situation, in which the European Union relies on primary energy imports for more than a third of its electricity [1] , and in which Member States trade significant amounts of primary energy and electricity within the European Union. A transition to renewable electricity might hence not only allow the European Union, its Member States, or regions in Europe to decarbonise their electricity systems but also to become autarkic.
Proponents of local electricity generation bring up the benefits of increased electricity security, improvements to the local economy and its sustainable development, and community involvement. Local generation is seen as a reliable source of electricity, with supply and price determined within a political unit's own borders. As such, autarky would decrease dependency on others and increase electricity security [2] . Positive effects on the local economy are expected, as value creation happens within the region, thus decreasing the outflow of capital. Installation of generators, and their maintenance and operation, are furthermore expected to create jobs locally [2, 3] . The resulting increase in economic activity will improve the attractiveness of the regions and thereby counteract emigration from peripheral regions to the cities [2, 3] . Lastly [4, 5] , show that self-sufficiency is important to the local community, and [3, 6] discuss case studies, in which the involvement of the local community in transition processes has improved the willingness to change and has reduced public opposition.
There are also arguments against local autarky, in particular concerning the cost and stability of small electricity systems. Larger renewable electricity systems often have lower costs, because of a more efficient use of resources and because the best renewable resources can be used by everybody -whereas in an autarkic setting, one must use https://doi.org/10.1016/j.esr.2019.100388 Received 29 August 2018;  Received in revised form 14 June 2019; Accepted 25 July 2019 power, and photovoltaics in our analysis as these technologies have the highest potential [22] , while excluding biomass and hydropower (see below). The geographic scope of our study comprises the countries with member organisations in the ENTSO-E: EU-28, EFTA without Liechtenstein, and Western Balkans countries. We ignore Iceland which has no connection to the mainland and is already electricity autarkic.
Literature review
Arguments for or against electricity autarky in Europe are often supported through case studies for single municipalities [2, 3, 6, 12] but research is needed on the European scale to understand on which level autarky is possible and to understand the land trade-offs that have to be made. Autarky based on renewable electricity is only possible if enough electricity can be generated locally, i.e. the annual potential for renewable electricity generation is at least as high as the annual demand. A sufficient potential is hence a necessary condition for autarky and as such a crucial aspect to consider when targeting autarky in any region. We acknowledge that, if the potential in an area is sufficient, autarky may still be impossible, impractical, or infeasible, for example when taking fluctuations of renewables into account. Here, we only discuss the necessary condition of sufficient potentials, but not whether autarky is actually feasible.
In the literature, different kinds of potentials have been assessed, for example: theoretical, geographical, technical, and economic. To analyse the possibility of autarky, the most important kind is the technical potential. It defines the amount of renewable energy that can be transformed to electricity given technological restrictions. There is however no consensus for this definition: in Ref. [23] for example, the technical potential does not include electricity that could be generated on environmentally protected areas, whereas in Ref. [24] it does. For roof-mounted PV, north-facing roof areas are sometimes included in the calculation of the technical potential [25] and sometimes not [26] . The different definitions, but also different assumptions, can lead to diverging results.
We are not aware of studies assessing technical potentials in the context of electricity autarky on the European scale, but there are studies that assess technical potentials of single technologies in Europe. For onshore wind, results differ widely, from 4400 TWh/a [23] to 20,000 TWh/a [27] or even 45,000 TWh/a [24] . The relatively low estimate of the first study can be explained by three exclusion factors not present in the latter two studies: it excludes areas with average wind speeds below 4 m/s at 10 m hub height as well as environmentally protected areas, and it limits the use of agricultural land and forests. Combined, these constraints exclude around 90% of Europe's land. Despite the differences in definitions, the three studies agree that onshore wind power could supply all of Europe's current electricity demand of around 3000 TWh/a, assuming the technical potential could be fully exploited.
Two studies assess the technical potential of roof-mounted PV at the continental level, finding potentials of 840 TWh/a [26] and 1500 TWh/ a [28] . The difference in results can be explained by different geographical scopes, by the fact that [26] ignores north-facing areas, and by different methods: while [26] uses a statistical approach to quantify available roof areas [28] , uses high resolution satellite images for a few cities in Europe to derive roof area estimates, and then extrapolates these results using population density as a proxy. Both studies show that roof-mounted PV can contribute significantly to supplying Europe's electricity needs, albeit at a much lower magnitude than onshore wind. Combined with onshore wind, both technologies are likely able to fulfil Europe's electricity demand entirely.
Some of the studies with European scope disaggregate their results on the national level, thus permitting an analysis of renewable electricity potential in light of national autarky [24, 26, 27] . Other studies have assessed the potential for single countries, e.g. wind in Germany [29] , Spain [30] , Sweden [31] , and Austria [32] . All of those roughly [24, 26, 27] . On the regional and municipal levels, there are some studies which assess the potentials across entire countries [29, 35] , but most studies focus on single regions or municipalities, e.g. Refs. [36] [37] [38] [39] [40] . No study has been performed that assesses renewable electricity potentials on the regional or municipal levels across all of Europe within a single consistent analysis framework.
Methods and data
We assess the possibility of electricity autarky for administrative units in Europe on four levels: continental, national, regional, and municipal. For each administrative unit on each administrative level we quantify renewable potentials and current electricity demand. We then reject autarky based on renewable electricity for those units for which annual demand exceeds annual potential. We list all data sources used in this approach in Table S1 in the supplementary material.
Definition of administrative levels
To identify administrative units including their geographic shape on all levels we use NUTS (Nomenclature of Territorial Units for Statistics) 2013 data [41] and the Global Administrative Areas Database (GADM) [42] . The scope of our analysis is EU-28 excluding Malta (for which no data was available), plus Switzerland, Norway, and the Western Balkans countries Albania, Bosnia and Herzegovina, Macedonia, Montenegro, and Serbia. Together, all 34 countries form the continental level; in isolation they form the national level (see Table 1 ). Country shapes for EU-28 countries, Switzerland and Norway are defined by NUTS 2013, and for the Western Balkans countries by GADM.
The regional level is defined by the first-level administrative divisions, e.g. cantons in Switzerland, régions in France, or oblasti in Bulgaria, of which GADM identifies 502 in the study area. Macedonia and Montenegro only have one subnational administrative level -the municipal level -which in our analysis is below the regional level. For Macedonia we use a statistical division from NUTS3 larger than the municipal level, and for Montenegro we use the municipal level from GADM as no alternative is available. Lastly, there are 122,635 communes which form the municipal level. These communes are defined for most countries by the Local Administrative Unit 2 (LAU2) layer of NUTS 2013. For Albania, Bosnia and Herzegovina, Macedonia, and Montenegro, we take their definitions from GADM. Lastly, we estimate the size of maritime areas over which administrative units have sovereignty by allocating Exclusive Economic Zones (EEZ) to units on all levels. Within a country, we divide the EEZ and allocate parts to all subnational units which share a coast with the EEZ. The share is proportional to the length of the shared coast. We use EEZ shape data from Ref. [43] .
Renewable electricity potential
To quantify the renewable electricity potential in each administrative unit, we first estimate the surface areas eligible for generation of renewable electricity and then the magnitude of electricity that can on average be generated annually on the eligible surfaces by on-and offshore wind turbines and open field and roof-mounted photovoltaics. We assess two types of potentials of renewable electricity: the technical potential and a socially constrained potential. The only difference between these potentials is the classification of surface eligibility, i.e. the surface areas available for renewable electricity generation. We furthermore assess land requirements when assuming electricity autarky, i.e. the amount of non-built-up land that is needed for electricity generation to become autarkic.
In our study we do not consider two types of renewable electricity that could contribute to supplying Europe's electricity demand: hydropower and biomass. We ignore hydropower, because its potential is largely exhausted in Europe [44] and no major new contributions can be expected in the future. We ignore biomass for two reasons: first, its power density in Europe (< 0.65 MW/km 2 [45] ) is lower than the one from wind or solar power and thus wind turbines and open field photovoltaics are always superior in terms of electricity yield per area. Second, we also do not consider combining wind power and biomass production despite the high electricity yield per area because of land use conflicts with food and feed production that biomass production causes.
Open field surface eligibility
To decide which fractions of the land and water surfaces of an administrative unit can be used for open field PV, or on-and offshore wind farms, we divide Europe into a 10 arcsecond grid, whose cell size varies with the latitude but never exceeds 0.09 km 2 . For each cell we obtain the current land cover and use from the GlobCover 2009 dataset [46], the average slope of the terrain from SRTM and GMTED [47, 48] or its maximum water depths from ETOPO1 [49] , and whether it belongs to an area which is environmentally protected from the World Database on Protected Areas [50] . We additionally use the European Settlement Map (ESM) with 6.25 m 2 resolution [51] to classify an entire 10 arcsecond cell as built-up area if more than 1% of its land area are buildings or urban parks. We use land cover and use, slope, protected areas, and settlements as decision criteria because these constraints have been found to be the most relevant for land eligibility studies in Europe [52] . For each potential type there is a set of rules by which we define if a cell is eligible for renewable electricity generation and if it is, which technology type it is used for. We assume that a cell is always used for a single technology only, based on the rules described below.
Roofs for PV
The potential for roof-mounted PV not only depends on the amount of roof area available, but also on the orientation and the tilt of these roofs. We analytically derive rooftop area in each administrative unit. We then use a dataset of Swiss roofs, taking it as representative for Europe as a whole, to correct the area estimation and to statistically amend it with tilt and orientation.
We use the European Settlement Map [51] to identify the amount of rooftop area in each administrative unit. The map is based on satellite images of 2.5 m resolution and employs auxiliary data e.g. on population or national data on infrastructure to automatically classify each cell as building, street, urban green, etc. For each 10 arcsecond cell we sum up the space that is classified as buildings. We consider only those cells that we initially classified as built-up areas before, and which are hence not used for other renewable generation.
We then amend this first estimation with data from sonnendach.ch for Switzerland [53] . We use this dataset in two ways. First, we improve Table 1 Administrative levels considered in this study. the area estimation taken from the European Settlement Map. Sonnendach.ch data is based on high-resolution 3D models of all buildings in Switzerland and thus allow for estimations of roof areas with high accuracy. For the roofs included in the sonnendach.ch dataset, the European Settlement Map identifies 768 km 2 building footprints, where sonnendach.ch finds 630 km 2 roof area. Sonnendach.ch also apply expert estimation of unavailable parts of the roof, e.g. those covered with windows or chimneys [54] , which reduces the theoretically available rooftop areas from 630 km 2 to 432 km 2 . Thus, for Switzerland, the realistic potential may be only 56% of the building footprints from ESM. We assume this factor is representative for all Europe and apply the factor of 0.56 to all areas identified by the European Settlement Map.
The second use we make of the Swiss data is to identify the tilt and orientation of the roof areas. For that, we cluster all roofs in 17 categories: flat roofs, and roofs with south-, west-, north-, and east-wards orientation, each with four groups of tilt. We then quantify the relative area share of each category (see Table S2 in the supplementary material). Again, we assume the distribution of these attributes of the Swiss housing stock is representative for Europe and apply it to all administrative units.
Renewable electricity yield
Based on the previous steps we can quantify the surface area eligible for renewable electricity generation in each grid cell. To estimate the annual generation for wind power, we first assume a capacity density of 8 MW/km 2 (15 MW/km 2 ) based on a rated capacity of 2 MW/unit (10 MW/unit) for onshore (offshore) wind [24] which allows us to derive the installable capacity for each grid cell. We then simulate renewable electricity yield of the years 2000-2016 on a 50 km 2 grid over Europe from Renewables.ninja [55] to determine the average annual electricity yield from installable capacity on each 10 arcsecond grid cell. We assume onshore (offshore) wind turbines are available 97% (90%) of the time [24] .
For open field PV and flat roof-mounted PV, we assume a capacity density of 80 MW p /km 2 based on a module efficiency of 16% and space demand of two times the module area as an average for all Europe. Furthermore, we assume modules are installed southward facing and with tilt optimisation as defined by Ref. [56] . For PV of tilted roofs, we assume a capacity density of 160 MW p /km 2 based on a module efficiency of 16%. Using the statistical model from Table S2 we define 16 different deployment situations. We then use Renewables.ninja [55, 57] to simulate the renewable electricity yield of the years 2000-2016 of each deployment situation on the 50 km 2 grid. We assume a performance ratio of 90%.
Technical potential
We first assess the technical potential which is only restricted by technological constraints. To quantify it, we use the following rules: We allow wind farms to be built on farmland, forests, open vegetation and bare land with slope below 20°(slope constraint taken from Ref. [27] ). An example of exclusion layers for Romania is shown in Fig. 1 (see Supplementary Material for exclusion layers of all 34 countries in this study). We furthermore allow open field PV to be built on farmland, vegetation and bare land with slope below 10°(slope constraint taken from Ref. [58] ). In grid cells where both onshore wind farms and open field PV can be built, we choose the option with the higher electricity yield. Lastly, we allow offshore wind farms to be built in water depths of less than 50 m. Grid cells identified as built-up area cannot be used for open field PV or wind farms, only for roof-mounted PV.
Technical-social potential
The technical potential defines an upper bound to the electricity that can be generated in each administrative unit. However, it is a strong overestimation of a realistic potential: in our case, it allows onshore wind and open field PV to be built on all environmentally protected areas, which might not only have severe consequences for the local flora and fauna, but may also breach the directives on habitats [59] and birds [60] of the European Union in addition to national and regional laws. The technical potential also allows open field PV to be built on farmland causing land use conflicts with food and feed production, much like the problems with biomass. Finally, it permits use of all eligible surfaces, potentially leading to very high densities of electricity generation. In some parts of Europe this leads to all eligible surfaces being covered with PV modules or wind turbines, which is not realistic.
We therefore introduce a socially and ecologically constrained potential, in which we prohibit the use of environmentally protected surfaces and prohibit open field PV on farmland. Open field PV can only be built on bare and unused land. Furthermore, we assume that only 10% of all available surface area can be used for renewable power generation, including water surface for offshore wind. We do still allow the use of all eligible roof areas for the generation of solar power, as there is little conflict potential in that case. We test the impact of this assumption in the results section. Table 2 lists the differences in the definition of the technical potential and the technical-social potential.
Land footprint
Finally, we assess the amount of land necessary to reach electricity autarky. This allows us to study one important implication of electricity autarky: its land foot print. Furthermore, assessing the land necessary for electricity autarky reduces uncertainty compared to assessing the technical-social potential. Quantifying the potential for every administrative unit in Europe has large uncertainties: the assessment is very sensitive to some of the assumptions which in turn may vary between regions in Europe and which are highly uncertain, in particular the amount of eligible land that can be used for electricity generation [32] . When we assess the necessary land surface, we do not need to make this assumption: instead, it is the result of our analysis.
We assume most of the technical potential to be available but we prohibit open field PV on farmland. Because we focus on land use and to avoid making assumptions on availability of water surfaces, we ignore offshore wind potentials. We prioritise roof-mounted PV as it does not require land: first, we fulfil demand as much as possible with electricity from roof-mounted PV. Then, we compare the remaining demand to the potential of open field PV and onshore wind to derive the share of the non-built-up land that is necessary to fulfil demand with renewable electricity which is generated locally.
Current electricity demand
We relate the renewable electricity potential to current electricity demand. We use country-wide demand data from 2017 for each country [61] from ENTSO-E. For subnational levels, we allocate the national demand based on population distribution and the size and location of electricity-intensive industries. We subtract industrial demand of electricity intensive industry from national demand and assume the remainder is spatially distributed over the country proportionally to population. We hence assume that each person in each country is on average responsible for the same amount of electricity demand from non-electricity intensive industries, commerce, and households. We use the Global Human Settlement Population Grid which maps population in 2015 with a resolution of 250 m [62] in Europe and globally. It is based on national census data and population registers. With that, we define the local, annual electricity demand in each administrative unit of each administrative level.
We derive a dataset of electricity intensive industries from the European Emission Trading Scheme (ETS) [63]. Using ETS data means we are neglecting industries in Switzerland and the Western Balkan countries which do not take part in the scheme. We consider only steel, aluminium, and chloralkali process facilities, which are individually responsible for more than 0.5% of the respective ETS activity (covering 90% of all activity). Based on the ETS address registry and manual research, we identify the exact location of those facilities.
As there is no comprehensive and consistent dataset for industrial production, we make two important assumptions to determine each installation's production and hence electricity demand. First, we assume that the product output of each plant is homogenous, corresponding to "steel", "aluminium", etc. We do thus not differentiate between types of steel or aluminium products. Each product comes with a generic electricity intensity factor (MWh/t output) which we derive from Refs. [64] [65] [66] [67] [68] [69] . Second, we assume that the production of each facility is directly proportional to its emissions: a factory emitting 10% of the ETS activity's CO 2 emissions (after all installations contributing 0.5% or less have been removed) is assumed to produce 10% of the output of all facilities in the filtered list under each ETS activity. To quantify annual European production we take industry organisation data [65, 66, [68] [69] [70] for the most recent year available. For chloralkali plants, we assume the lowest electricity intensity in the range given by Ref. [67] , given the efficiency improvements (−8% intensity reduction since 2001) over the last decade [69] .
Results

Technical potential
On the continental level, the technical potential of roof-mounted PV, open field PV, and on-and offshore wind is vast: technically, these technologies could generate almost 230,000 TWh/a. This exceeds the continental demand of 3200 TWh/a in 2017 more than 70 times. The largest contribution comes from open field PV (66%), followed by offshore and onshore wind.
On the national level, the technical potential exceeds demand in all countries, but the potentials and the density of demand are unevenly distributed across the continent. For example, the technical potential in Latvia exceeds demand 400 times, whereas it is only 5 times higher than national demand in Switzerland (when considering wind and solar power only, but not hydropower). On the regional level, the technical potential is sufficient for almost all regions. In a few cases -the first-level administrative units with all or most of their area within densely populated city borders (Brussels, Basel, Oslo, Vienna, and Berlin) -the potential is insufficient; further, a number of cities (e.g. Bucharest, Geneva, Budapest, and Prague) have potentials only slightly higher than their demand. Hence, on this level, resource constraints start to become an issue in a few cases, but generally, the technical potential is still high enough in almost all regional cases.
Despite the vast continental potential, the municipal level sometimes shows technical potentials which are too small to allow for autarky. Although almost all -about 97% -of municipalities have a technical potential exceeding current demand (see Fig. 2 ), about 14% of Europe's population would be undersupplied. It is largely an issue of densely populated municipalities: 98% of the impacted population lives in municipalities with a population density higher than 1000 people per km 2 . Using the definition of the European Commission and the OECD of the degree of urbanisation (DEGURBA) [71] , 91% of the impacted population lives in cities, 9% in towns and suburbs, and none in rural areas. Fig. 3 shows the ranges of relative technical potential for all countries when assuming autarky on the municipal level. It shows how some countries have better prerequisites for electricity autarky on this level than others: in Montenegro for example, almost everyone lives in municipalities with very high potential; a situation which is similar in other Balkans countries and Cyprus. Other countries like Switzerland, United Kingdom, Ireland, and Greece have a quarter of their population living in municipalities with a potential lower than or close to their current demand, making municipal level autarky impossible. The figure furthermore shows that the relative potential varies largely within countries: in Greece for example, despite the low potential it has to offer for a quarter of its population, the majority of the remaining population lives in municipalities where the potential exceeds demand 30 times. Countries with such high variability could pool resources and seek autarky for sets of municipalities -combining those with low potential with neighbouring municipalities with high potential to achieve sufficient supply for all.
Technical-social potential
When applying the constraints of the technical-social potential, the total potential on the continental level is 15,000 TWh/a and hence exceeds today's electricity demand more than 4 times. As the constraints do not limit roof-mounted PV, this is now the dominant technology (33%), followed by onshore wind, open field PV, and offshore wind. Even with strict social constraints, reducing the technical potential by over 90%, Europe's potential for renewable electricity is high enough for Europe to enable electricity autarky on the continental level.
On the national level, every country still has sufficient autarky potential: while the technical-social potential, similar to the technical potential, is not equally distributed over Europe, even the lowest relative potential (Switzerland) is 30% higher than national demand. Again, we find the highest relative potential in Latvia (2200% of national demand). On the regional level, we find the lowest relative potentials in subnational regions within city borders. Oslo reveals the lowest potential, where less than a quarter of demand can be supplied by local renewable generation. Other urban areas also have an insufficient technical-social potential, including the Île-de-France (Paris) region, Dublin, and Berlin (see Fig. 4 ). Almost all -96% -of the 502 firstlevel administrative units holding 95% of Europe's population have a technical-social potential exceeding their current demand.
Applying municipal level electricity autarky, about 75% of the population lives in the 95% of municipalities where the technical-social potential exceeds current demand. The majority of those undersupplied -89% -live in municipalities with a population density above 1000 people per km 2 . According to the DEGURBA definition, 83% of the affected population lives in cities, 15% in towns and suburbs, and only 2% lives in rural areas. In undersupplied rural municipalities, national parks or natural reserves often cover a large share of the area, making it impossible to supply even a small population with sufficient amounts of renewable electricity. A few municipalities, such as Dormanstown (UK), Fos-sur-Mer (France), or Deuna (Germany), are undersupplied because of electricity-intensive industries. Overall, however, whether the technical-social renewables potential is sufficient or not is almost exclusively a function of population density. Fig. 5 shows the ranges of technical-social potential for all countries when assuming autarky on the municipal level. It shows that for several countries, more than a quarter of the population lives in municipalities with insufficient potential. Should the actually realisable potential be lower than the technical-social potential -for example because of public opposition -more municipalities will have insufficient potentials. The figure also shows that there are very high relative potentials in Europe, with the median person living in a municipality with a potential almost twice as high as their current electricity demand.
Land footprint
Results of assessing the land area necessary for electricity autarky are shown in Table 3 . Because we prioritise roof-mounted PV, overall share of land used is generally very low: on the continental and national levels it is always smaller than 1% of the non-built-up areas. On the regional and municipal levels there are some administrative units which need all or more of their non-built-up area, but on average the share of land used is very low as well. The reason for such limited land needs is the abundant source of electricity from roof-mounted PV which is in many cases able to fulfil the annual electricity demand on its own.
Many electricity scenarios for Europe foresee much lower shares of PV and roof-mounted PV (see Discussion): in Refs. [72] [73] [74] for example, the share of PV is below 40%. When we consider 40% of the electricity demand as a hard limit for the generation of electricity from roofmounted PV in each administrative unit, we obtain the results shown in Table 4 . Compared to the unconstrained case, average share of land used is much higher on the regional and municipal level, where it increases on average by more than factor 2. For continental and national levels, it remains relatively low with only 1-2% of built-up areas needed on average, but up to 6% for single countries. Fig. 6 visualises the share of non-built-up land used of all units on all four administrative levels when roof-mounted PV is limited to 40%. It shows how generation becomes more concentrated with smaller autarky levels, as generation moves closer to demand centres. The availability of roof-mounted PV clearly has a major impact on the share of land used. In Fig. 7 we show results for other maximum diffusion levels than 40% for roof-mounted PV from a populationcentred perspective. The figure shows the fraction of the European population that lives in administrative units with high electricity generation density which we define as units where a third or more of the non-built-up area is used for electricity generation through wind turbines or open field PV. Restricting roof-mounted PV exposes larger parts of the population to generation density: the share of population living in generation dense municipalities almost doubles when roofmounted PV is restricted to 40% compared to the unrestricted case. Furthermore, autarky on lower levels also exposes larger parts of the population to generation density: for the same 40% restriction case, the population living in generation dense municipalities is almost 10 times larger than the population living in generation dense regions; while on the national and continental levels no one is exposed to generation density.
Discussion and conclusion
We conclude that the potential for renewable electricity -a necessary condition for electricity autarky -is high enough for Europe as a whole as well as for each individual European country to supply themselves with 100% renewable electricity, without imports from abroad. In fact, the technical potential of each of the four considered technologies alone is higher than current European demand. But in some cases, the potential is too low to satisfy current demand on the municipal or regional levels. The potential is a binding constraint especially when applying social and ecological boundaries: in this case, up to 25% of the European population would live in areas that are not supplied with enough renewable electricity when considering autarky on municipal level. Areas which are unable to become autarkic are those with high population density, where non-built-up land sparse and less roof space is available per inhabitant. Other drivers of the possibility for autarky are electricity-intensive industries and, when kept free of energy installations, environmentally protected land. Both make autarky impossible for some municipalities, but their impact on all Europe, considering all municipalities, is small. A second key finding in our study is that although most regions and municipalities have sufficiently high potentials to supply themselves, places with high population density must use large shares, sometimes approaching or exceeding 100%, of the remaining land for electricity generation if they seek to become autarkic. Increasing the geographical scope of electricity supply greatly relieves pressure on non-built-up land -which is often already under a great deal of pressure. On these higher For example, at the national level, 50% of Europe's population lives in a country that requires less than 2% of its non-built-up area for renewable electricity autarky. On the municipal level, the same amount of people would see 8% of their non-built-up area used. Here, we assume farmland is not available for open field PV, we ignore offshore wind generation, and limit roofmounted PV to 40% of demand. Fig. 7 . Share of the European population living in administrative units with high electricity generation density, i.e. units in which a third or more of the non-built-up land is used for wind turbines or open field PV, as a function of the maximum share of roof-mounted PV. The share is given for municipalities, regions, and countries, but is never larger than zero on the national level. For example, when a maximum of 40% of the electricity demand can be supplied by roof-mounted PV and municipalities are autarkic, almost 30% of the European population lives in municipalities in which a third or more of the non-built-up land is used for electricity generation. Total land excludes maritime regions and hence offshore wind is not considered. Roof-mounted PV is preferred over onshore wind farms and open field PV. geographical levels, generation does not need to happen in immediate spatial proximity of demand and can either be more equally distributed across the land, and/or moved to areas with fewer use conflicts. Both findings are sensitive to the assumed dispersion rate of roof-mounted photovoltaics: large potentials of this technology will improve the situation for smaller autarky levels as demand for non-built-up land is reduced.
Uncertainties and future research
There are trends in the European electricity system that can have a significant effect on our results. On the one hand there are technological improvements which will increase the potential of renewable electricity and thus help facilitate autarky on lower levels too. In our study, we used optimistic wind turbine and PV system parameters, which are ahead of the current state of the art, without being bold assumptions -but technology may evolve further than we expect today and thus pave the way for more autarky. The opposite case, i.e. that future technology is worse than today's, appears highly unlikely.
On the other hand, there are divergent trends in electricity demand: energy efficiency is being pushed not only by proponents of autarky [3, 6] but also by the European Commission [75] . If current policy plans are successful, European electricity demand would decrease over time. That would increase the chances for autarky on all levels, at least from a resource perspective. However, many expect that electricity demand will increase as the heat and transport sectors are electrified [76, 77] . In its reference scenario for 2050 [72] , the European Commission projects an increase in electricity demand of 25% in the period 2015-2050, assuming already ratified energy efficiency policies only. An increasing electricity demand would complicate autarky from a resource perspective. We can only speculate which trend will be dominant: technological improvements on the supply side and energy efficiency measures on the demand side, or rising electricity demand through electrification of the heat and transport sectors. Assuming a 25% increase in demand, supply technology enhancements in particular for photovoltaics are likely to be on par if not dominant [78, 79] , indicating that relative potentials might as well be higher in the future than those considered in this study.
The potential for renewable electricity we assessed is a necessary condition for electricity autarky, but not a sufficient one. In that sense our approach allows us to reject the possibility of autarky if demand is larger than the potential, but it does not allow us to confirm its feasibility. This means that areas for which we identified a potential higher than current demand may in fact not be able to reach autarky, because of further constraints and factors. To confirm the technical feasibility of autarky, we would have to take further technical factors into account, including distribution and transmission grid constraints, grid service requirements, and balancing of fluctuating renewables. Temporal fluctuations of renewable electricity can be balanced by spatial smoothing through larger grids or by temporal smoothing through storage -a point raised by critics of autarky electricity schemes (see Introduction). Importantly, we did not consider the problem of balancing, on both short and seasonal time scales, but this will greatly impact the feasibility of autarky on different levels.
We furthermore did not consider economic restrictions and instead used all of the available wind and solar resource, independent of its quality and cost. While solar and wind power generation is possible in most parts of Europe, they are expensive in many places, especially where the wind or solar resource is low. Hence, a realistic economic potential will be lower than the technical-social potential we used. Further, the method of balancing fluctuating renewable generation will contribute to total costs and the reduced potential of spatial balancing on lower geographical levels may complicate the feasibility of autarky. For our analysis, cost aspects were not relevant, but they must be considered by any analysis that confirms feasibility of electricity autarky in a certain area.
The third, and likely most uncertain type of restrictions are sociopolitical -in particular public and political acceptance of renewable power projects and grid expansion [32] . Not only is the impact of acceptance difficult to assess generally, but also it may vary drastically between different parts of Europe depending on local preferences and the style of decision-making, and it may vary over time. However, our main findings are not sensitive to this type of uncertainty. We show the relative difference between administrative levels which is largely driven by the geographic scale of each administrative level and the population distribution -a finding that is unaffected by any further social or economic constraints.
Policy implications
While renewable electricity resources are abundant in Europe, electricity autarky below the national level is not possible everywhere: some regions and municipalities have insufficient potential or need large fractions or all of their non-built-up land to become autarkic. A workaround for this issue could be to form electricity regions in which urban areas cooperate with their surrounding municipalities. In such electricity regions the surrounding municipalities could generate surplus electricity and export it into cities. The necessary size of such electricity regions is unknown and depends on the current and maximum density of the surrounding municipalities.
Even if forming electricity regions is an option, our results show how they would lead to high generation density in and around the urban area as autarky requires supply to be in close spatial proximity of demand. Even without electricity generation, these metropolitan areas are already under high pressure on non-built-up land and electricity generation would cause further pressure and potential land use conflicts, possibly aggravating any opposition against renewables and constraining their feasible expansion potential. Electricity autarky on the national level or above permits generating electricity relatively further away from demand. Electricity generation can hence be distributed more freely, but at the expense of the experienced freedom and local value creation that more local autarky is seen to hold the potential for.
Very high shares of building integrated PV, for example by using all rooftops for electricity generation, and/or by additionally using the façades of buildings, and/or by technological improvements and higher efficiencies would enable autarky also on regional and municipal levels, but only assuming balancing issues of electricity systems with very high PV shares, in some cases exceeding 80% can be handled. No study has investigated such extreme PV scenarios for all of Europe, but case studies have already shown this to be difficult for single regions and we expect that balancing costs would be high, if it would at all be feasible to store such vast amounts of solar electricity from summer to winter.
Instead, our results show that large shares of demand can be covered by locally generated renewable electricity, in all countries, regions and most municipalities of Europe. Full autarky, i.e. without any trading between areas, is not possible in the most densely populated regions, and hence a non-trivial share of the European population would be undersupplied if their municipality, and in a few cases, their region, declared itself electricity autarkic. In many areas, especially in and around larger cities, autarky is possible from a resource perspective, but it would come at the cost of high additional pressure on as yet not built-up land. Here, we have shown in which parts of Europe autarky would be at all possible and where not. Whether and where this is really attractive is a still open question.
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